Abstract
Introduction

18
Aromatic compounds represent a large fraction of the total emitted hydrocarbon mass contributing such as up 19 to 52% to the hydrocarbon mass in China (Liu et al., 2008) . One of these aromatic compounds is 1,3,5-20 trimethylbenzene (1,3,5-TMB), which was measured in the gas phase in concentrations ranging from 21 0.7 to 40.6 µg m -3 (Gee and Sollars, 1998; Khoder, 2007) . 1,3,5-TMB can be oxidised in the gas phase leading 22 to low-volatile oxidation products which partition into the particle phase and form secondary organic aerosol 23 (SOA). Oxidation products of 1,3,5-TMB were investigated in a number of literature studies (e. g. Huang et 24 al., 2015; Baltensperger et al., 2005; Kalberer et al., 2004; Kalberer et al., 2006; Paulsen et al., 2005; Healy et 25 al., 2008; Cocker et al., 2001; Smith et al., 1999; Metzger et al., 2008; Wyche et al., 2009; Yu et al., 1997) and 26 methylglyoxal was found as an oxidation product (Metzger et al., 2008; Healy et al., 2008; Cocker et al., 2001; 27 Smith et al., 1999; Wyche et al., 2009; Baltensperger et al., 2005; Rickard et al., 2010; Kalberer et al., 2004; 28 Yu et al., 1997; Kleindienst et al., 1999; Muller et al., 2012; Nishino et al., 2010; Hamilton et al., 2003; Tuazon 29 et al., 1986; Bandow and Washida, 1985) with a fraction of the particle mass of up to 2% (Healy et al., 2008; 30 Cocker et al., 2001) . Methylglyoxal has often been described to form oligomeric compounds in the aqueous 31 particle phase (see, e. g. Herrmann et al., 2015 for an overview; De Haan et al., 2009; Kalberer et al., 2004; 32 Loeffler et al., 2006; Zhao et al., 2006; Sareen et al., 2010; Altieri et al., 2008) . These oligomers are supposed
33
to play an important role in the formation of aqueous secondary organic aerosols (aqSOA; e. g. Kalberer et al., 34 2004) .
35
In general, oligomeric compounds can be formed in the aqueous particle phase through aldol 36 condensation (e. g. Tilgner and Herrmann, 2010; Sareen et al., 2010; Sedehi et al., 2013; Krizner et al., 2009; 37 Barsanti and Pankow, 2005; De Haan et al., 2009; Yasmeen et al., 2010) , acetal/hemiacetal formation (Kalberer 38 et al., 2004 and Yasmeen et al., 2010) , esterification Sato et al., 2012; Tan et al., 2010; De 39 Haan et al., 2011; Sedehi et al., 2013) , imine formation Sato et al., 2012; Tan et al., 2010; 40 De Haan et al., 2011; Sedehi et al., 2013) , polymerisation, and radical -radical reactions (Schaefer et al., 2015;  oligomer formation which were determined in the study by Noziere et al., 2007 . Besides these estimations,
67
quantification of oligomeric compounds was also conducted using surrogate compounds , 68 Zappoli et al., 1999 , and Gao et al., 2004 or synthesised authentic standards (Birdsall et al., 2013) .
69
In summary, a variety of methods exists which quantify the fraction of oligomeric compounds derived 70 from methylglyoxal, but the results are contradicting due to the lack of a suitable method of quantification and 71 second, due to different reaction conditions used in the studies. Thus, the present study presents a foundation 72 approach for a reliable quantification of methylglyoxal oligomers in laboratory-generated SOA. 
77
(50 -52%) were obtained from Sigma-Aldrich (Hamburg, Germany). O- (2,3,4,5,6-pentafluorobenzyl) -
78
hydroxylamine hydrochloride (≥99%), methylglyoxal (40% in water), and ammonium hydrogensulfate (98%)
79
were purchased from Fluka (Hamburg, Germany). Sulfuric acid (98%) was obtained from Merck KGaA
80
(Darmstadt, Germany). Dichloromethane (Chromasolv 99.8%) was obtained from Riedel-de Haen (Seelze,
81
Germany) and ammonium sulfate (99.5%) was purchased from Carl Roth (Karlsruhe, Germany). Ultrapure
82
water was used to prepare the seed particle solutions, the authentic standards, and to extract the filter samples
83
(Milli-Q gradient A 10, 18.2 MΩ cm, 3 ppb TOC, Millipore, USA).
85
Chamber experiments
86
The OH-radical oxidation of 1,3,5-TMB was investigated in the aerosol chamber LEAK (Leipziger
87
Aerosolkammer). A detailed description of the aerosol chamber can be found elsewhere (Mutzel et al., 2016) .
88
The conditions of the experimental runs are summarised in Table 2 . The experiments were conducted in the 89 presence of ammonium hydrogensulfate particles or ammoniumsulfate particles mixed with sulfuric acid to 90 achieve different seed acidities. As OH-radical source the ozonolysis of tetramethylethylene (TME) was used
91
(Berndt and Böge, 2006). O3 was produced by UV irradiation of O2 with an O2 flow rate of 5 L minute -1
. O3
92 was injected at the beginning of the experiments and ≈ 26 ppbv of TME was introduced into the aerosol 93 chamber in steps of 15 minutes. 1,3,5-TMB (≈ 92 ppb) was injected into the aerosol chamber using a 94 microliter-syringe. The oxidation of 1,3,5-TMB was studied at relative humidities (RH) between ≈ 0% and 95 75% adjusted by flushing the aerosol chamber with humid or dry air. The consumption of the precursor 96 compound (∆HC) was monitored over the reaction time of 90 minutes with a proton-transfer-reaction time-of-
97
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106
For method development, PTFE filter samples from aerosol chamber experiments were used. The following 107 method parameters were investigated: heating time, pH during the heating process, and heating temperature 108 (Table 3) .
110
Filter extraction
111
Two halves of the PTFE filters were cut into small pieces. Each filter half was extracted separately with 1 mL 112 H2O for 30 minutes using an orbital shaker (700 rpm, revolutions per minutes). They were shaken again 113 separately with 1 mL H2O for 30 minutes and flushed at the end of the procedure with 1 mL H2O resulting in 114 two 3 mL extracts. The extract of one half of the filter was used for oligomer measurements (extract 1) and
115
with the second one methylglyoxal monomers were quantified which were not a building block of oligomers
116
(extract 2). A detailed description of the derivatisation procedure can be found in Rodigast et al., 2015 .
118
Derivatisation procedure
119
Extract 1 -Methylglyoxal oligomers
120
For quantification of methylglyoxal oligomers the extract was acidified and heated to decompose the 121 oligomeric bonds. The pH was adjusted with hydrochloric acid (37%) or sodium hydroxide (1 mol L -1 ) to 122 pH = 1, 3, 5, and 7 while heating temperatures of 50°C and 100°C were investigated. For the derivatisation of 123 the formed monomeric methylglyoxal, 300 µL of o- (2,3,4,5,6-pentafluorobenzyl) hydroxylamine 124 hydrochloride (PFBHA, 5 mg mL -1 ) was added to the sample solution after 2 minutes of the heating process.
125
Different heating times were tested varying between 15 hours and 48 hours. After the derivatisation was 126 completed the extracts were allowed to cool down to room temperature.
128
Extract 2 -Methylglyoxal monomer
129
The second half of the filters was used to quantify monomeric methylglyoxal. The filters were prepared 130 according to the method described by Rodigast et al., 2015 .
132
Extraction for GC/MS analysis
133
After derivatisation of both filter extracts (extract 1 and 2), derivatised methylglyoxal was extracted at pH = 1
134
for 30 minutes with 250 µL of dichloromethane using an orbital shaker (1500 rpm; Rodigast et al., 2015 
154
(E) and (Z) isomers of methylglyoxal were formed during PFBHA derivatisation resulting in two peaks in the
155
GC/MS chromatogram. For quantification, the sum of these peaks was used to avoid an over-or 156 underestimation of methylglyoxal due to variations of the isomer peak ratio during the heating process.
158
Method development
159
Influence of heating time
160
The influence of the heating time was examined with PTFE filters which were sampled after the OH-radical 
168
The highest methylglyoxal concentration can be found after a heating time of 24 hours. After 24 hours,
169
methylglyoxal concentration was about six times higher (c = 1.82 ± 0.14 µmol L ). To exclude that the higher methylglyoxal concentrations
171
were only a result of a better PFBHA derivatisation during heating, a methylglyoxal standard solution was also 172 heated for 24 hours (Fig. 1b) . A methylglyoxal concentration of c = 5.32 ± 0.05 µmol L -1 was found which 173 corresponds to a recovery of ≈ 85%. Thus, an effect of the heating process on the derivatisation can be excluded 174 indicating that the higher methylglyoxal concentration was caused by decomposition of oligomers into 175 monomers.
176
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One filter extract was heated for 15 hours and allowed to stand at room temperature for 9 hours
177
(sample a) to reach a total derivatisation time of 24 hours (as it was optimised for PFBHA derivatisation by 178 Rodigast et al., 2015) . To exclude reoligomerisation processes of methylglyoxal in sample a, one filter extract 179 was heated for 15 hours and measured directly after the heating process (sample b). As it can be seen in Fig. 1a 180 both filter samples (sample a and b) showed lower methylglyoxal concentrations than after heating for 24 hours.
181
Lower methylglyoxal concentration of sample b might be caused by an incomplete derivatisation due to the 182 immediate measurement of the filter extract after 15 hours heating time. In comparison, the lower 183 concentration in sample a might be caused by reoligomerisation of methylglyoxal.
184
To probe this hypothesis a 6.25 µmol L -1 methylglyoxal standard was heated for 15 hours and 
200
The pH during the heating process was investigated even if pH = 1 was found as an optimal pH for 201 the PFBHA derivatisation (Rodigast et al., 2015) 202 203
Influence of pH
204
The effect of the pH was examined with PFTFE filters, which were sampled after the OH-radical oxidation of 205 1,3,5-TMB at RH = 50% in the presence of NH4HSO4 particles (experiment #2). The pH was varied between 206 pH = 1 and pH = 7.
207
As it can be seen in Fig. 2a the highest methylglyoxal concentration can be found at pH = 1. The methylglyoxal ). An increasing pH leads to a lower 210 methylglyoxal concentration which can be observed for filter samples (Fig. 2a) as well as for methylglyoxal 211 standard solution (Fig. 2b ). As this was observed for both types of samples it appears that the pH influences 212 the derivatisation and/or the oligomer decomposition. As no influence of the pH on the PFBHA derivatisation 213 reaction is reported by Rodigast et al., 2015 , it can be concluded that the effect of the pH is connected to 214 thermal decomposition of the oligomeric compounds. In summary, based on these results pH = 1 was used.
Influence of heating temperature
217
To examine the effect of the heating temperature, filter samples of experiment #2 were used. The heating 218 temperature was varied between 50°C and 100°C and the filter extracts were heated for 24 hours at pH = 1. A 219 temperature above 100°C cannot be used to avoid evaporation of water and/or target compounds. Fig. 3a shows indicate that a higher temperature than 50°C is needed to decompose the oligomeric compounds. In comparison 223 to the filter, which was neither acidified nor heated, the concentration was increased by a factor of two if the 224 extract was heated to 100°C. Fig. 3b shows no significant influence of the temperature on the methylglyoxal 225 standard solution. Thus, an influence of the heating temperature on the derivatisation procedure can be 226 excluded.
227
Based on these results, the PTFE filter extracts from the aerosol chamber experiments were acidified 228 to pH = 1 and heated for 24 hours to 100°C to decompose oligomeric compounds into methylglyoxal. 
233
The developed method was afterwards applied to laboratory-generated SOA formed by the oxidation 
247
For a further investigation of SOA-formation processes of 1,3,5-TMB, Fig. 4a illustrates the 248 dependency between the consumption of 1,3,5-TMB (∆HC) and the produced organic particle mass (∆M).
249
Particle growth started directly after the experiment was initialised indicating that the oxidation leads
250
immediately to the formation of condensable products as first-generation oxidation products. These products 251 condensate on the pre-existing seed particles resulting in the immediate particle growth observed in Fig. 4a .
252
Differences of the growth curves in dependence on the seed particles (NH4HSO4 and (NH4)2SO4/H2SO4) were 253 not observed concluding that the seed particle acidity (Table 5) the gas phase into the particle phase and ii) the formation and/or further reaction in the particle phase (Zuend 265 et al., 2010; Cocker et al., 2001; Seinfeld et al., 2001; Fick et al., 2003) . These two effects might influence the
266
SOA formation under different relative humidities.
267
An effect can also be seen in Fig. 4b . The SOA formation is enhanced at RH = 0% leading to the 
288
The fraction of methylglyoxal in the particle phase in dependency on the reaction conditions is shown 289 in Fig. 5a , with resulting fractions between ≈ 0.6% and ≈ 2.2%. With increasing RH the fraction decreases for 
297
The dependency of particulate methylglyoxal on RH could be a result of the influence of RH on the 298 partitioning from the gas-into the particle phase or on further reactions in the particle phase forming oligomers. 
Methylglyoxal oligomers
303
A method was developed to determine the contribution of methylglyoxal oligomers to the produced organic Table 6 ). An oligomer fraction of ≈ 2 up to 8% was observed.
308
Fig . 5b shows the dependency of the detected methylglyoxal oligomers on the relative humidity with 309 NH4HSO4 and (NH4)2SO4/H2SO4 seed particles. In the presence of NH4HSO4 seed particles the highest 310 oligomer fraction (8.2 ± 0.7%) can be observed with RH = 0% whereas in the presence of (NH4)2SO4/H2SO4 311 seed particles the oligomer fraction is the lowest (2.1 ± 0.4%) under dry conditions. A possible explanation for 312 the opposite trend could be a different oligomer formation mechanism dependent on the different seed particles.
313
The type of accretion reaction might change with pH . In Table 5 the pH of the seed 314 particles were calculated with E-AIM. NH4HSO4 particles have pH = 0.1 and 1.2 at RH = 50% and 75%. In 315 comparison (NH4)2SO4/H2SO4 seed particle are less acidic (pH = 4.0 at RH = 50% and pH = 4.2 at RH = 75%).
316
It was postulated by Yasmeen et al., 2010 that a lower pH (pH < 3.5) favor acetal/hemiacetal 317 formation whereas at high pH (pH = 4 -5) aldol condensation are more relevant. This has been supported by 318 Sedehi et al., 2013 and Sareen et al., 2010 .
319
Thus, in the presence of strong acidic NH4HSO4 seed particles acetal/hemiacetal formation might be 320 the favored oligomer formation mechanism. Oligomerisation via acetal/hemiacetal formation occurs under 321 water loss . Higher RH in the aerosol chamber LEAK leads to higher LWCs in the seed 322 particles (Table 5) . With higher LWC in the particles the chemical equilibrium shifts towards the precursor 323 compound resulting in a lower methylglyoxal oligomer fraction (Kalberer et al., 2004; Liggio et al., 2005) .
324
The pH of NH4HSO4 particles decreases with decreasing RH (Table 5) . Acetal/hemiacetal formation is an acid-325 catalysed reaction and thus oligomer formation might be enhanced under dry conditions due to a lower pH (Liggio et al., 2005) .
326
327
In the presence of (NH4)2SO4/H2SO4 seed particles the oligomer fraction increases with increasing 328 RH (Fig. 5b) . As it was mentioned, aldol condensation can be assumed as the favored accretion reaction 329 . Aldol condensation includes as a first step aldol addition followed by a loss of water.
330
The loss of water is irreversible, thus the aldol condensation will not be inhibited with higher LWC of the seed 331 particles.
332
Other accretion reactions can contribute to the formation of methylglyoxal oligomers with 
337
Imidazole formation was also postulated as possible oligomer-formation mechanism for 338 methylglyoxal (Sedehi et al., 2013; De Haan et al., 2011) . It was found that imidazole formation is of minor 339 importance compared to aldol condensation (Sedehi et al., 2013) . However, imidazole formation involves also 340 a loss of water, thus is does not provide a feasible explanation for the higher oligomer fraction at higher RH 341 with (NH4)2SO4/H2SO4 seed particles.
342
Radical -radical reactions are also postulated as a possible reaction pathway to form oligomers 343 (Schaefer et al., 2015; Lim et al., 2013; Rincon et al., 2009; Lim et al., 2010; Sun et al., 2010) . Radical-radical 344 reactions of methylglyoxal might occur following the H -atom abstraction of methylglyoxal with OH radicals 345 and a subsequent recombination of the resulting alkyl radicals (as discussed for glyoxal in Schaefer et al., 346 2015) . The contribution of radical -radical reactions to oligomer formation is not well understood as obviously,
347
the reaction of alkyl radicals with oxygen tends to suppress this pathway. Nevertheless, it can be expected, that 348 with higher LWC of the seed particles and thus with a higher reaction volume, the absolute amount of 349 methylglyoxal in the particle phase might increases, but not its particle-phase concentrations. 
357
In summary, the present study provides a reliable quantification method of methylglyoxal oligomers
358
formed by 1,3,5-TMB oxidation. The fraction of oligomeric substances formed solely by methylglyoxal 359 oligomerisation varied dependent on RH and seed particle acidity between 2 -8%, which is lower than the 360 determined values by Kalberer et al., 2004 and Baltensperger et al., 2005 (varying between 50 and 80%) . In 361 the present study only methylglyoxal oligomers were quantified, thus there might be oligomers originating 362 from other monomers than methylglyoxal, which were not determined in the present study leading to lower 
Summary
369
In the present study a method was developed to quantify oligomers formed from methylglyoxal. The method 370 is based on the thermal decomposition of methylglyoxal oligomers into monomers. The formed methylglyoxal 371 monomers were detected with PFBHA derivatisation and GC/MS analysis. The influence of heating time, pH 372 and heating temperature on the decomposition of methylglyoxal oligomers was systematically investigated.
373
The best result was achieved with a heating time of 24 hours at 100°C and pH = 1. The method was applied to Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -574, 2016 Manuscript under review for journal Atmos. Chem. Phys. 
378
Overall, the present method provides an important step revealing the amount of oligomers present in the 379 particle phase, their tentative formation mechanism and their importance for aqSOA formation. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -574, 2016 Manuscript under review for journal Atmos. , 12, 5523-5536, 10.5194/acp-12-5523-2012, 2012 . 
